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ABSTRACT 


The  rotating  stall  characteristics  of  a  single  stage  axial  flow 
compressor  were  investigated.  The  nijmber  of  stall  cells  and  their 
propagation  velocities  were  found  with  and  without  stator  blades. 
The  measiored  velocities  were  compared  wtih  those  predicted  by 
Stenning's  theory,  assuming  the  downstream  pressure  fluctuations 
to  be  negligible,  and  correlation  within  25^  was  obtained  over  a 
wide  range  of  stall  patterns.  It  was  fovmd  that  the  pressure  fluctua- 
tions caused  by  rotating  stall  were  less  downstream  of  the  rotor 
than  upstream;  the  minimum  reduction  across  the  rotor  was  k-cyjo   with 
stator  blaxies,  and  75^  without  stator  blades.   It  was  also  found 
that,  for  the  compressor  tested,  the  stator  blades  decreased  the 
number  of  stall  cells  and  tended  to  induce  rotating  stall  at  larger 
mass  flow  rates . 
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1.   Introduction 

Rotating  stall  may  be  defined  as  a  region  of  separated  flow,  moving 
relative  to  a  blade  row.  It  has  been  a  continuing  problem  in  axial 
compressor  development  since  the  resulting  vibrations  cause  severe  blade 
stresses  to  be  imposed  at  low  mass  flow  operation.  If  stall  frequencies 
were  predictable,  blades  could  be  designed  having  critical  frequencies 
away  from  the  stall  frequency. 

Several  theories  have  been  put  forward  for  predicting  the  propa- 
gation velocity  of  a  stall  cell  (References  1,2,5).  These  are  all 
linearized  analyses,  with  Sears  and  Marble  considering  the  cascade  as 
an  actuator  disc,  and  Stenning  a  cascade  of  finite  width.  A  further 
difference  in  the  theories  occurs  in  connection  with  the  assumption  of 
the  downstream  flow  field;  Sears  and  Marble  considered  the  waJces  to  mix 
in  zero  length,  so  that  the  flow  field  is  a  continuum,  while  Stenning 
also  considered  the  alternative  ass\mption  of  a  series  of  free  Jets  dis- 
charging into  a  region  of  constant  pressiare. 

Experimental  work  has  already  been  conducted  on  compressors,  in 
particular  at  Harvard,  California  Institute  of  Technology  and  the  N.A.C.A. 
(References  4,5,6).  However,  in  each  instajace  the  work  has  been  carried 
out  on  multi-row  machines,  and  it  appears  that  considerable  interference 
results  from  the  downstream  blade  rows . 

Since  the  theories  are  in  variance,  ajid  the  interference  due  to 
other  blade  rows  has  an  unknown  effect,  the  present  investigation  has 
been  conducted  on  a  single  stage  machine,  with  and  without  stator  blades, 
in  eui  effort  to  verify  the  predicted  results  with  a  minimum  of  inter- 
ference. The  data  obtained  permit  a  ready  comparison  between  predicted 
and  actual  stall  propagation  velocities,  in  addition  to  allowing  the 
theoretical  models  for  the  downstream  flow  field  to  be  checked  by  measure- 
ment of  the  pressure  fluctuations . 
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2.  Equipment  and  Procedure 

2 . 1  Equipment 

The  single  stage  compressor  used  in  these  tests  is  shown  in  Figures 
1  and  2.  It  has  three  bleuie  rows;  inlet  guide  vauies,  rotor  and  stator, 
each  of  "free  vortex"  design.  The  characteristics  of  this  compressor 
are  presented  in  Reference  7. 


The  compressor  geometry  is: 

Outside  radius 
Hub -tip  ratio 
Blade  chord  length 
Blade  aspect  ratio 
Pitch -chord  ratio 


11.625" 
0.75 
1.5" 
1.9 
0.95  at  mean  rad.ius 


Blade  tip  clesirance  was  approximately  .035". 

Blade  angles  in  degrees  measured  from  the  axial  direction  sure: 
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The  blade  profiles  were  NACA  four  digit  series  ten  percent  thick. 
Figure  3  is  a  sectional  view  of  the  blade  region  wherg  velocity  euid 
pressure  meas\arements  were  made.  An  adjustable  throttling  valve  down- 
stream of  the  bl^es  permitted  variation  of  mass  flow. 

Qualitative  measxirements  of  velocity  f luct\iations ,  \ised  to  indicate 
the  stalled  region,  were  obtained  by  the  use  of  a  constajat  ciarrent  hot 
wire  anemometer*  The  wire  on  the  probes  was  t\ingsten^  .00035"  diameter 
and  .044"  long.  An  additional  hot  wire  set,  locally  constructed,  was 
also  used  when  simultaneous  indications  at  different  tangential  positions 


*     Model  HWB,  man\ifactured  by  Flow  Corporation,  Cambridge,  Massachiisetts 


were  required »  The  operation  of  each  set  is  identical  and  the  same  size 
probes  were  used  for  each. 

The  output  of  the  hot  wire  anemcmeters  was  fed  into  a  dual -beam 
cathode  ray  oscilloscope*,  which  permitted  visual  observation  or  photo- 
graphic recording  of  the  velocity  fluctuations.  PhotograT)hs  were  ob- 
tained with  both  a  still  and  a  strip  film  camera,  the  strip  film  camera 
being  employed  to  include  a  greater  number  of  stall  cells  on  a  single 
photograph.  Representative  photographs  of  each  type  appear  as  Figures 
k-   and  5«  The  time  trace  included  on  each  velocity  fluctioation  photo- 
graph was  obtained  by  feeding  the  output  of  sua  audio  oscillator  into 
the  beam  intensity  control  of  the  oscilloscope.  The  photographic  and 
hot  wire  equipment  is  seen  in  Figure  1. 

Pressure  fluctuations  were  measiired  with  a  barium  titanate  crystal, 
the  output  of  which  was  fed  through  an  amplifier,  and  thence  to  the 
oscilloscope.  The  pressure  taps  were  located  in  the  outer  casing  of 
the  compressor  before  and  after  each  blade  row  and  representative  photo- 
graphs of  the  press\ire  fluctuations  at  various  axial  positions  axe 
shown  in  Figures  6  and  ?• 

4- 

A  five -hole  probe  and  a  sphere  prolje  were  used  to  determine  air 
angles  and  mean  radius  static  pressure  respectively.  The  description 
of  these  probes  is  given  in  Reference  8,  The  mass  flow  corresponding 
to  each  throttle  position  was  obtained  by  measuring,  with  an  inclined 
manometer,  the  total  ajid  static  pressure  in  a  calibrated  nozzle. 

2.2  Procedure 

Runs  were  conducted  at  1500  RPM,  with  and  without  stator  blades . 
This  rotational  speed  was  chosen  becuase  it  gave  a  maximiM  axial  ve- 
locity of  90  feet  per  second,  which  satisfied  the  requirement  for 


*  Type  522,  manufactxired  by  Dumont  Laboratories,  Inc.,  Clifton,  New 
Jersey . 

f  Man\afact\ared  by  Flow  Corporation,  Cambridge,  Massachusetts. 
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incompressible  flowo  A  few  rirns  conducted  at  60  percent  higher  speed 
indicated  similar  stall  charaqteristics,  so  that  the  results  obtained 
are  representative  for  the  machine  over  a  range  of  rotational  speeds « 
The  various  stall  regions  were  obtained  by  varying  the  position  of  the 
throttle  and  thereby  the  mass  flow.  The  change  over  from  one  stall 
region  to  another  was  quite  shajrp  and  easily  detectable  by  sound  ajad 
change  in  the  velocity  fluctuation  pattern. 

The  data  recorded  in  each  run  were  static  euid  total  pressure  in 
the  calibrated  nozzle,  photographs  of  the  velocity  fluctiiation  pattern 
and  photographs  of  the  pressure  fluctuations  before  and  after  the 
rotor  and  stator.  The  velocity  fluctuations  were  normally  measured 
at  the  mean  radius,  but  raxiial  traverses  were  made  to  detect  any  change 
from  root  to  tip.  These  data  permitted  the  evaluation  of  the  frequency 
of  the  rotating  stall,  mass  flow  and  relative  magnitude  of  pressure 
fluctuations  at  the  various  ajcial  positions. 

The  number  of  stalled  regions  was  determined  by  the  use  of  two  hot 
wire  probes,  one  stationary  and  one  free  to  traverse  tangent ially .  The 
wires  were  initially  aligned  so  that  the  output  signals  were  in  phase 
and  one  wire  was  then  traversed  through  a  known  arc .  The  relative  phase 
displacement  of  the  stalled  region  was  then  correlated  with  the  tangential, 
distance  traversed  to  determine  the  number  of  stalled  regions. 

The  rotor  performance  was  obtained  by  measuring  the  static  pressure 
and  air  angles  at  the  mean  radi\is,  before  emd  after  the  blade  row, 
•using  the  sphere  and  five -hole  probes.  The  pressures  were  measured  with 
an  inclined  manometer  and  data  were  obtained  for  mass  flow  rates  varying 
from  the  maximum  down  to  the  point  where  the  probe  readings  became  mean- 
ingless due  to  large  velocity  fluctuations. 


Results 

The  data  were  obtained  in  the  form  of  the  steady  state  character- 
istics of  the  compressor  and  photographic  records  from  the  hot  wire 
equixMnentj,  and  the  results  are  presented  in  Figures  8  to  15.  From 
measiired  values  of  axial  velocity  and  inlet  and  outlet  angles  from  the 
rotor  at  the  mean  radius,  the  angles  relative  to  the  rotor,  Pi  and  ^z, 
were  calculated,  using  the  relations 

tan  Pi  =  —  -  tan  a^ 

°x  Figure  8 

tan  ^2  =  —  -  tan  as 
^x 

Hence,  knowing  the  static  pressure  rise 4/^  measured  at  the  mean 
radius,  the  pressure  coefficients  were  calculated  and  plotted  versus 
3i. 


C  = 


A^ 


p     i^jo  v/,^  Figure  9 

Finally,  the  blockage  coefficient  a,  as  used  by  Stenning  and  Emmons 
(Reference  3,6)  to  analyze  the  stability  of  a  propagating  irave,  was 
calculated  and  plotted  versus  cotangent  Pi  : 

^  A  _  cos  Pi  Figure  11 

"  "^  A^  "  cos  P2  y^-dp 

From  the  photograph  of  the  hot  wire  traces,  the  frequency  of  stall 
propagation  was  found  using  the  frequency  of  the  timing  pulse  or  the 
velocity  of  the  film  strip.  The  nxjmber  of  cells  was  found  from  the 
comparison  of  phase  change  with  the  actual  angular  displacement  of  the 
two  probes  used,  and  hence  the  absolute  frequency  of  a  single  cell  was 
calculated.  Taking  the  meaxi  radial  position  as  the  point  of  reference, 
the  velocity  V  of  a  single  cell  relative  to  the  rotor  can  be  calculated 
and  is  plotted,  non-dimensionally,  as  v/c  versus  Pi  in  Figtores  12  and 
15. 

In  addition,  the  theoretical  propagation  velocities  can  be  calcu- 
lated from  the  theories  of  Marble,  Sears  and  Stenning.  The  first  two 
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give  an  identical  results 

V 

-   =  esc  2pi 

The  third  theory  includes  an  effect  due  to  the  number  of  stall  cells, 
N,  and  gives  the  result: 

V  ^      2(1-Cp) 
c      sin 


yx-^p;   ___^, 


where  b  is  the  half  wavelength  of  one  cell  (  ^ ),  L  is  the 

chord  length  stnd  p  is  the  sepaxation  between  the  rotor  and  inlet  guide 
vanes;  the  expression  in  the  square  brackets  is  a  correction  designed 
to  allow  for  the  effect  of  the  inlet  guide  vanes  on  the  stall  propa- 
gation velocity.  These  theoretical  velocities  were  calculated  from  the 
steady  state  characteristics  of  the  compressor,  and  are  plotted  in 
Figures  12  and  13. 
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k.     Discussion  of  Results 

^♦1  Steady  State  Characteristics 

The  steady  state  characteristics  were  obtained  both  with  and  without 
the  stator  blades  in  position,  and  excellent  agreement  was  obtained 
between  the  observed  data.  In  addition,  it  was  found  that,  without  the 
stator  blades,  it  waus  possible  to  obtain  reasonable  data  when  stall  cells 
of  short  wave  length  were  present,  so  that  mean  data  are  available  for 
part  of  the  region  of  rotating  stall. 

In  Figures  9  and  10,  where  the  pressure  coefficient  is  plotted 
versiis  Pi,  the  ranges  in  which  rotating  stall  occiirs  are  marked  both  for 
the  stage  with  stator  blades  and  for  that  without;  a  detailed  disc\ission 
of  these  regions  is  given  below.   It  will  be  noted  that  there  is  a  rise 
in  pressure  coefficient  at  a  value  of  Pi  of  66   .       This  was  due  to  the 
onset  of  rotaljlng  stall,  which  caused  the  flow  through  the  stalled,  blade 
pisiSages  to  decrease,  while  the  flow  through  the  unstalled  blade  passages 
increased.  The  net  losses  across  the  blsuie  row  are  apparently  reduced, 
giving  sun  increase  in  the  pressure  rise,  sind  hence  a  local  rise  in 
pressure  coefficient.  With  stator  blades  in  place  no  reliable  measure- 
ment of  angles  or  static  pressxares  are  possible  when  stall  begins,  since 
the  velocity  fluctuations  are  Isirge.  ^ 

From  stability  considerations  for  a  wave  propsigating  in  a  cascade 
(References  3,6)  the  start  of  rotating  stall  is  predicted  to  coincide  with 
the"  point  where  a  line  from  the  origin  is  tangent  to  the  curve  of  the 
blockage  coefficient  ct  versus  cotangent  Pi.  Ip.  Figure  11,  it  is  seen  that 
stall  propagation  does  not  start  imtil  a  scanewhat  larger  value  of  Pi  than 
that  predicted.  This  is  probably  due  to  the  fact  that  finite  fluctuations 
are  involved,  rather  than  the  small  fluctuations  assumed  in  the  theoretical 
model. 

4.2  Stall  Characteristics  with  Stator  Blades 

The  first  tests  were  conducted  with  the  stator  blades  in  position, 
and  the  following  feharacteristics  were  observed  as  the  relative  inlet 
angle  was  increased  by  decreasing  the  mass  rate  of  flow. 

Fo\ir  separate  regimes  of  rotating  stall  were  found,  the  first  con- 
sisting of  one  cell  at  the  tips  of  the  blades,  and  the  others  having  one, 
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two  and  three  cells  respectively,  covering  the  entire  blade.  Between 
each  regime,  a  transition  state  occurred  in  which  the  nimber  of  cells 
varied  between  those  foiand  in  the  adjacent  regimes  (Figure  9),  The 
velocity  fluctuations  were  measiired  at  a  number  of  axial  positions,  and 
it  was  found  that  the  magnitude  of  the  velocity  fluctuations  decreased 
with  distance  both  upstream  and  downstream  of  the  rotor. 

The  first  sign  of  stall  as  Pi  was  increased  above  the  design  value 
was  the  appearance  of  random  velocity  fluctuations,  which  appeared  with 
increasing  regularity  until  the  regime  of  propagating  tip  stall  was 
entered.  The  stalled  region  extended  from  the  rotor  tip  for  about  5A 
inches  down  the  blade,  a  distance  approximately  equal  to  the  thickness 
of  the  boundary  layer  entering  the  rotor  (Reference  7)'  The  nimiber  of 
blades  over  which  the  region  extended  was  greatest  at  the  tip  and  de- 
creased f\irther  down  the  blade,  but  no  actual  measurements  were  made  of 
the  number  of  blades  covered  by  the  cell.  As  Pi  was  further  increased, 
a  single  cell  was  foxmd  extending  over  the  entire  blade  length,  and  the 
number  of  blades  covered  increased  with  Pi  until  the  next  regime  with  two 
stall  cells  was  entered.  In  the  regimes  where  the  entire  blade  was  stalled, 
neither  the  velocity  fluctuation  pattern,  nor  the  number  of  blades 
covered,  varied  markedly  from  root  to  tip.  As  Pi  was  increased,  the 
number  of  cells  increased  progressively  from  one  to  two  to  three,  a  larger 


number  being  unobtainable  as  purely  random  fluctuations  appeared  when  Pi 
was  greater  than  8l  ,  as  shown  in  Figure  ^-d. 

^.5  Stall  Characteristics  Without  Stator  Blades 


When  the  stator  blades  were  removed,  there  was  a  very  msurked  change 
in  the  rotating  stall  characteristics;  the  onset  of  stall  was  delayed 
until  a  greater  value  of  Pi  and  following  the  initial  regime  with  random 
velocity  fluctuations,  two  regimes  were  foxmd  consisting  of  a  much  larger 
nijmber  (eight  and"  hlfle  respectively)  of  small  cells  than  were  obtained 
with  the  stator  blades  in  place.  On  further  increase  of  Pi,  the  stall 
characteristics  resembled  those  with  the  stator  blades  in  place  and 
regimes  containing  one,  three  and  four  cells  were  found  before  random 
stall  reappeared  at  a  value  of  Pi  of  85  .  The  regime  with  two  cells 


10. 


appeared  as  an  unstable  condition  In  a  very  narrow  reinge  of  Inlet  angles . 
(Figure  10). 

Several  striking  differences  were  observed  between  cells  of  short 
and  long  wavelength  (high  and  low  frequency).  With  the  former,  it  was 
found  that  the  velocity  fluctuations  were  very  nearly  damp^ed  out  in 
the  root  boimdary  layer,  while  the  latter  showed  fluctxiations  of  greater 
amplitude  in  the  same  place.  It  was  also  found  that  for  short  wavelengths, 
the  velocity  fluctuations  meas\ired  directly  downstream  of  the  rotor 
(Section  F,  Figure  5)  were  considerably  smaller  than  those  at  Section  G. 
No  satisfactory  explanation  of  this  has  been  suggested. 

The  limits  of  the  various  regimes  were  comparatively  well  defined 
when  there  were  a  small  number  of  cells,  since  any  change  in  number  caused 
an  appreciable  chsmge  in  the  frequency,  and  in  the  phase  shift  between  two 
probes.  With  eight  or  nine  cells,  the  problem  of  determining  the  actixal 
number  becomes  more  difficult  and  there  is  a  range  of  \mcertainty  between 
these  two  regions .  Further  difficulties  are  caused  by  the  non -symmetry 
of  the  cells  aro\ind  the  annulus  (Figure  5),  and  also  by  the  fact  that  each 
cell  does  not  cause  the  same  velocity  fluctuations  at  the  probe. 

Since  the  blade  passages  are  of  finite  width,  the  probe  may  be  at  any 
point  across  the  passage  at  the  instant  when  the  adjacent  blade  stalls . 
The  process  of  stalling  causes  separation  from  the  leading  edge  of  the 
blade,  euad  there  is  a  reduction  of  velocity  in  this  region  of  separated 
flow  (Position  A),  while  the  velocity  in  the  unseparated  portion  of  the 
passage  may  have  an  instajitaneous  increase,  due  to  the  reduction  in  flow 
area  (Position  B). 


X  X 

B         A 
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If  the  probe  is  close  to  the  trailing  edge  of  the  blade,  it  may 
therefore  show  either  an  increase  or  decrease  in  velocity  when  stall 
occiors .  Fxirther  downstream,  mixing  has  occirrred  so  that  each  stall  cell 
causes  a  net  decrease  in  velocity,  and  similarly,  a  probe  upstream  of 
the  blade  row  will  always  indicate  a  reduction  in  velocity  on  account  of 
the  partial  blockage  of  the  blade  passage.  The  phenomenon  was  noted  for 
stall  cells  of  short  wavelength  and  would  be  expected  when  there  are  only 
a  small  number  of  blade  passages  covered  by  each  cell. 

Finally,  it  should  be  noted  that  a  flow  reversal  will  be  shown  as  a 
velocity  increase  since  a  hot  wire  is  non -directional,  fiuid: hence  the  mid- 
point of  the  cell  is  sometimes  difficult  to  find  on  the  oscillogram. 

k-.k     Comparison  of  Actual  and  Predicted  Propagation  Velocities 

As  explained  above  (in  Section  3),  the  experimental  points  and  theo- 
retical curves  are  plotted  in  Figures  12  euid  15.  The  form  in  which  these 
figures  are  presented  permits  a  comparison  of  the  theoretical  and  experi- 
mental values  of  the  propagation  velocities  relative  to  the  rotor,  and 
important  conclusions  can  be  drawn  from  them. 

First,  all  the  theories  are  based  on  the  assumption  of  small  pertur- 
bations on  a  steady  velocity  field  and  so  would  only  be  valid  at  the  onset 
of  rotating  stall.  Good  agreement  is  obtained  at  this  point  with 
Stenning's  theory,  both  with  and  without  stator  blades,  while  the  propa- 
gation velocities  predicted  by  both  Sears  and  Marble  lie  below  the  values 
observed  with  stator  blades  and  above  those  6)^served.   without  stator 
blades.  At  high  values  of  the  inlet  angle,  the  velocity  fluct\iations 
cannot  be  considered  as  small,  but  all  theories  give  the  correct  order  of 
magnitude  (within  about  25^)  for  the  propagation  velocities  if  the  theo- 
retical curves  are  extrapolated.   It  will  be  noted  that  throughout  the 
range  of  available  data,  the  velocities  predicted  by  Sears  and  Marble  : 
correspond  almost  exactly  with  those  predicted  by  Stenning  for  four  stall 
cells. 

Another  striking  factor,  without  stator  blades,  is  the  sudden  change 
from  nine  cells  to  a  single  cell,  with  a  very  small  change  in  Pi  (Figure  13) 
The  propagation  velocity  increases  by  ninety  percent  when  this  happens. 
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which  would  seem  to  confirm  the  prediction  of  Stenning's  theory  that  the 
propagation  velocity  is  a  function  of  the  number  of  cells  and  increases 
with  increase  of  wavelength. 

k  .'^     Pressure  Fluctuations 

In  the  theoretical  analysis  of  rotating  stall,  two  simple  assumptions 
can  be  made  about  the  conditions  downstream  of  the  blade  row.  Either  the 
blade  passages  can  be  considered  as  nozzles  discharging  into  a  region  of 
constant  pressiure,  or  it  can  be  ass\mied  that  mixing  occurs  immediately 
downstream  of  the  row,  so  that  the  downstream  flow  field  is  a  continuiim. 
These  assiMptions  can  readily  be  checked  by  measuring  the  relative  magnitude 
of  the  upstream  and  downstream  pressTore  fluctuations  and  the  results  of 
such  tests,  taken  at  the  outer  casing  of  the  compressor,  were  as  follows. 

With  stator  blades  in  position,  it  was  found  that  pressure  fluctu- 
ations were  negligible  downstream  of  the  stator  blades  and  upstream  of  the 
inlet  guide  vanes,  as  compared  with  the  fluctuations  upstream  of  the  rotor. 
The  fluctuations  downstream  of  the  rotor  were  not  greatly  affected  by  the 
onset  of  rotating  stall  but  in  the  extreme  condition  an  appreciable  vari- 
ation is  seen  (Figure  6c ) .  The  upstream  f  luctxiations  due  to  rotating  stall 
were  approximately  double  those  downstream  of  the  rotor.   It  would  appear 
from  this  that  the  condition  of  a  constant  downstream  pressure  field,  as 
assumed  by  Stenning,  was  not  satisfied  and  therefore  the  close  agreement 
between  theoretical  and  observed  propagation  velocities  must  be  considered 
fortuitous . 

Without  stator  blades,  a  greater  reduction  in  pressure  fluctuations 
across  the  rotor  was  found,  as  seen  in  Figure  7,  and  the  maximum  down- 
stream fluctuations  due  to  rotating  stall  were  less  than  25^  of  those  up- 
stream. 

In  order  to  confirm  the  most  suitable  assumption  for  the  downstream 
flow  field  in  the  theoretical  analyses,  an  expression  for  the  magnitude  of 
the  pressure  fluctuations,  based  on  Stenning's  model  of  the  stall  process 
with  the  downstream  flow  field  considered  as  a  continuum,  is  calculated  in 
Appendix  I.  The  expression  obtained  is: 
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From  experimental  data  on  the  propagation  velocities  of  stall  cells 
without  stator  blades,  the  predicted  relative  magnitude  of  the  pressure 
fluctuations  can  be  calculated  and  representative  results  are  given  in 
the  following  table. 

Number  of  cells  8      9     13 


'^'/s^ 


67.0° 

73.6° 

7^.6 

78.5 

2.56 

3.^0 

3.63 

i+.92 

.862 

1.24 

2.32 

2.5i^ 

.825 

.867 

.151 

.i^l3 

1.99 

1.88 

0.56 

0.96 

Prom  the  observed  values  of  pressiire  fluct\iations  without  stator 
blades,  it  is  seen  that  the  ratio  of  pressure  fluctuations  is  never 
less  than  four,  so  that  the  assumption  of  a  constant  pressure  field 
downstream  corresponds  more  closely  to  the  observed  results  than  the 
assumption  of  a  continuum. 
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^.  Conclusions  and  Suggestions  for  Future  Work 

From  the  results  obtained,  it  can  be  seen  that  the  propagation 
velocities  can  be  predicted  with  reasonable  accuracy  for  a  single  blade 
row  at  the  onset  of  stall  using  the  results  of  Stenning's  theory.  At 
high  inlet  angles  relative  to  the  rotor,  where  the  velocity  fluctiiations 
become  large  and  the  pressiire  coefficient  is  small,  the  actual  sind  pre- 
dicted velocities  agree  reasonably  well  both  with  Stenning's  theory,  and 
with  the  resiilts  of  Sears'  and  Marble's  analyses.  The  correlation  with 
the  latter  theories  is  probably  somewhat  fortuitous,  as  it  is  due  to  a 
cancellation  of  the  effects  of  two  invalid  assumptions;  namely,  that  there 
is  a  small  pressure  rise  across  the  blade  row,  and  that  the  downstream 
flow  field  can  be  represented  by  a  continuum. 

It  is  also  seen  that  the  rotating  stall  characteristics  of  the 
compressor  axe   influenced  very  strongly  by  stator  blades  downstream  of 
the  rotor,  the  effect  of  this  interference  being  to  damp  out  the  propa- 
gation of  stall  cells  at  high  frequencies  and  to  induce  stal3  propagation 
at  higher  mass  flow  rates . 

Finally,  measurements  of  pressure  fluctxxations  upstream  and  down- 
stream of  the  rotor  confirm  that,  for  a  single  blade  row,  the  assumption 
of  a  constant  pressure  field  downstream  is  closer  to  the  observed  results 
than  the  assumption  of  a  continuum. 

It  is  proposed  to  continue  work  on  the  compressor  using  a  single 
rotor,  so  as  to  eliminate  completely  the  effects  of  adjacent  blade  rows, 
and  new  blades  have  been  designed  for  such  a  rotor.  By  varying  the 
stagger  and  solidity  of  these  blades  the  effects  of  these  parameters 
will  be  found  and  following  this,  stator  blades  will  be  installed  in 
order  to  find  their  effect  on  the  stall  characteristics  when  the  spacing 
between  blade  rows  is  varied. 
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APPENDIX  I 
AI.l  Pressure  Fluctuations  in  a  Dovnstream  Continuum 

The  following  analysis  is  designed  to  estimate  the  relative 
magnitude  of  the  upstream  and  downstream  pressure  fluctuations  caused 
by  rotating  stall  when  the  downstream  flow  field  is  considered  as  a 
continuum. 

The  analysis  is  based  on  the  model  used  by  Stenning  (Reference  5) 
shown  in  the  following  figure.        y 


♦— X 


For  incompressible,  irrotational  flow  upstream,  a  perturbation 
velocity  potential  (p   can  be  defined,  and  from  continuity: 

0XX  +  0yy  =  0 
If  the  rotating  stall  is  considered  as  a  sine  wave  propagating 

along  the  cascside,  the  solution  is: 

which  satisfies  the  condition  that  0^^  =  0  at  x  =  -p.  This  con- 
dition allows  the  interference  effect  due  to  upstream  guide  vanes  to 
be  estimated,  on  the  assumption  that  these  guide  vanes  axe   closely 
spaced  and  of  large  chord  length. 

From  Euler's  equations  of  motion  for  imsteady  flow,  with  small 
perturbations,  upstream  of  the  cascade 

S; 


(1) 


9^^  +  c  Sc  H-  #■  =  o 


—  CO  <  3C  <  O 
Equation  2;   Reference  5. 


(2) 
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Downstream  a  continuum  is  assumed  (Appendix  III,  Reference  3)  auid 


By  definition 

2      2       2. 

,\  c8c-  U.S UL  -h  ^£  ^ 

Evaliaating  eq\iation   (2)  at  point  1  and  dividing  by  equation   (3) 
Substituting  for  0  from  equation   (l) 

Conparing  the  magnitude  of  these  press\ire  f luct\iations, 

6^  _  yf,..-g^)Yco-^-^r^(,-.-^rf^'r 


5/>a 


f.+€^; 


6o(  I  +  -e 


''  -  fff-hf77^)ter 


ta^Y'  I  /'-^"^ 


>c.ri--^-^/(^c 


5cy 


This  equation  shows  that  the  effect  of  inlet  guide  vanes  is  to 
reduce  the  ratio  of  upstream  to  downstream  pressure  fluctuations,  and 
it  can  be  used  to  estimate  the  theoretical  pressiore  fluctuations  with 
the  downstream  flow  field  considered  as  a  continuiam. 
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APPENDIX  II 

The  material  presented  herein  is  designed  to  elaborate  on  par- 
ticulsLT  techniques  which  were  discovered  dioring  this  investigation 
of  rotating  stall,  in  an  effort  to  assist  those  who  may  further  this 
project. 

AII.l  Hot  Wire  Equipnent 

The  description  and  operation  of  this  equijMiient  is  quite  thoroughly- 
described  in  the  manufacturer's  manual.  The  most  serious  difficulty 
encountered  was  electronic  noise,  as  evidenced  by  a  blurred  or  fluctua- 
ting trace  on  the  oscilloscope.  One  soiarce  was  quite  positively 
traced  to  a  rotating  radar  antenna  located  atop  an  adjacent  building 
about  ^00  feet  distant.  Other  sources  were  not  identified;  however, 
the  noise  was  maintained  at  an  acceptable  level  by  insulating  the  probe 
from  the  compressor  and  by  attaching  a  low-pass  filter  to  the  output 
from  the  hot  wire  set.  A  lucite  insert  was  placed  in  the  bushing 
which  was  used  to  position  the  probe  in  the  compressor.  The  low-pass 


filter  designed  to  block  signals  above  10,000,  cps  was  as  follows: 

\o^ooori 


■Ol   MFD 


Additional  causes  of  noise  were  low  amplifier  battery  voltage  and  high 
wire  resistance.  It  was  found  necessary  to  renew  batteries  when  the 
output  voltage  was  reduced  to  85'5&  of  nominal  value.  The  method  of 
checking  wire  resistance  is  described  on  Page  2  of  the  manual;  however, 
an  acceptable  level  was  not  indicated.  For  the  wires  used,  resistance 
in  excess  of  ^i-OO,  as  determined  on  the  "Bridge  Null"  dial  when  balanced 
in  the  cold  position,  was  found  to  result  in  excessive  noise.  High 
wire  resistance  was  caused  by  improper  wire  attachment  on  probe,  dirt 
or  partial  wire  fracture .  Dirt  accumulation  was  not  found  to  be  a 
serious  problem.  The  wires  operated  satisfactorily  for  approximately 
ten  hours  without  cleaning.  The  probes  must  be  treated  with  particular 
care  to  prevent  wire  damage.  Two  positive  causes  of  wire  burn  out  are 
connecting  the  probe,  or  stopping  the  air  flow,  with  the  current  tvirned 
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on.  Even  in  the  cold  position  (low  ciirrent)  connecting  the  probe 
causes  wire  burn  out,  as  a  condenser  is  discharged  through  the  wire. 
The  sagest  rule  is  to  turn  off  the  wire  current  before  doing  anything. 

All. 2  Oscilloscope 

It  was  quickly  found  that  the  camera  shutter  could  not  easily  be 
synchronized  with  the  moving  trace  to  provide  a  single  continuous 
trace.  This  would  have  required  opening  the  camera  shutter  at  the 
instant  the  trace  appeared  on  the  screen  and  keeping  it  open  only 
until  the  trace  moved  off  the  screen.  However,  a  method  was  dis- 
covered whereby  the  trace  could  be  triggered  such  that  only  a  single 
trace  traversed  the  screen,  and  hence  the  shutter  opening  and  closing 
times  were  not  critical.  The  procedure  to  trigger  a  single  trace 
was  to  set  the  "x"  selector  to  "Driven,"  and  the  synchronizing  switch 
to  the  "External"  position,  the  attenuation  and  sweep  frequency 
being  previously  adjusted  to  obtain  the  desired  trace.  A  short  lead 
from  the  "l  volt  peak  to  peak"  terminal  was  then  momentarily  touched 
on  the  "External  Synchronization"  terminal.  This  resulted  in  a  single 
trace  sweeping  the  screen.   It  was  found  that  some  change  occurred 
between  the  trace  obtained  in  this  manner,  and  that  originally  set 
with  the  "x"  selector  in  the  "recur"  position.  With  the  controls 
positioned  as  above,  a  continuous  trace  can  be  obtained  by  maintaining 
the  contact  from  the  "1  volt  peak  to  peak"  terminal;  final  adjust- 
ments to  the  attenuation  and  sweep  frequency  were  then  made  in  this 
position.  It  should  be  emphasized  that  comparisons  of  the  magnitude 
of  fluctuations  are  possible  only  when  all  controls  are  maintained  at 
exactly  the  same  setting. 

The  single  dot  time  trace  as  shown  in  Figures  h   and  6,  was  ob- 
tained by  feeding  the  audio  oscillator  output  into  the  z-axis.  The 
z-axis  terminals  are  located  inside  the  cover  doors  on  either  side  of 
the  oscilloscope  housing. 
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All ♦ ^  Photography 

Polaroid  Cameras ;  A  Dumont  Type  297  Polaroid  camera  was  used  to 
photograph  the  oscilloscope  trace.  This  camera  was  found  most  useful 
since  results  were  immediately  obtained,  eliminating  the  usual  de- 
veloping process.  When  using  the  triggering  mechanism  described  above 
the  only  adjustments  required  were  light  intensity  and  apertiire  open- 
ing. The  proper  light  intensity  was  that  normally  used  for  visual 
observation  and  the  aperture  opening  for  this  intensity  was  f .  2.8. 
The  sharpest  trace  was  obtained  without  the  use  of  a  filter.  The 
shutter  opening  was  controlled  by  setting  the  time  to  B(bulb).  In 
this  position  the  shutter  is  opened  by  depressing  the  actuator  and 
closed  by  releasing  the  actuator;  the  trace  was  triggered  while  the 
shutter  was  maintained  in  the  open  position.  The  grid  scale  was  ob- 
tained by  a  separate  exposure  with  the  traces  t\arned  off.  The  ad- 
justments were:  aperture  full  open,  time  one  second  and  the  scale 
light  intensity  at  maximum.   In  the  event  only  a  single  beam  is  in 
use,  the  time  trace  can  be  obtained  simultaneously  with  the  velocity 
pattern.  When  two  velocity  patterns  were  obtained  simultaneously, 
an  additional  exposure  for  the  time  trace  was  used  in  the  same  manner 
as  described  above. 

Strip  Camera;  Variation  of  distance  between  crests  on  successive 
photographs  taken  at  the  same  operating  point  prompted  use  of  the 
strip  camera.  The  camera  used  had  adjustable  gears  permitting  film 
speeds  of  25,  50,  100,  200  and  400  in/sec.  Two  gears  were  changed 
to  obtain  a  different  speed,  and  the  speed  in  inches  per  second  was 
stamped  on  one  of  each  pair  of  gears .  The  speed  was  acc\irately 
checked  by  use  of  a  stroboscope  and  also  with  the  time  trace  from  the 
oscillator  and  the  speed  indicated  on  the  gears  was  foxmd  to  be  correct 
in  every  case.  The  speed  selected  was  predicated  on  the  particular 
stall  frequency.  The  film  used  was  "linograph -ortho  402-10  log", 
and  it  was  cut  into  approximately  six  feet  lengths  for  each  run.  The 
light  intensity  as  adjusted  for  visxxal  observation  was  found  suitable 
up  to  film  speeds  of  100  in/sec .  Further  increase  of  speed  required 
an  increase  of  light  intensity. 
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The  trace  vas  displayed  on  the  abscissa  by  feeding  the  hot  wire 
output  to  the  X-axis  and  turning  off  the  y  amplifier.  Horizontal  oscilla- 
tions of  the  beam  then  indicated  velocity  fluctuations.  When  using 
both  beams  it  was  necessary  to  align  the  traces  in  the  vertical  position 
immediately  prior  to  each  run,  since  the  traces  tended  to  gradually 
displace  from  the  aligned  position. 

AII.'^  Compressor 

No  additional  support  of  the  inner  casing  of  the  compressor  was 
required  when  the  stator  blades  were  removed.  The  compressor  was  only 
rxm  at  comparatively  low  speeds  (15OO  RFM),  however,  and  increased 
speeds  may  necessitate  casing  reinforcement.  The  choice  of  this  speed 
was  based  on  the  fact  that  incompressible  flow  had  to  be  assumed,  and 
also  on  the  fact  that  the  noise  level  had  to  be  maintained  at  a  suffi- 
ciently low  level  to  allow  data  to  be  taken  inside  the  test  cell.  The 
stator  blade  moiinting  holes  were  filled  with  wood  plugs  to  maintain 
a  smooth  siirf ace  throughout  the  annulus . 
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NOMENCIATUEE 

A  Effective  blade  passage  area 

A'  Total  blade  passage  area 

b  Half  wave  length  of  stall  cell 

c  Resultant  velocity 

Cp  Pressiire  coefficient 

c^  Axial  velocity 

c  Tangential  velocity 

f  Stall  propagation  frequency 

F  Frequency  of  timing  pulse  on  photographs 

L  Blade  chord  length 

N  Number  of  stall  cells 

p  Separation  between  inlet  guide  vanes  and  rotor 

Pg  Static  pressure 

r  Radius 

r-t  Rotor  tip  radius 

U  Rotor  velocity  at  mean  radiiis 

V  Stall  propagation  velocity  at  mean  radius 

w  Inlet  velocity  relative  to  rotor 

OL  Blockage  coefficient 

OLx  Absolute  air  angle  entering  rotor 

as  Absolute  air  angle  leaving  rotor 

Pi  Air  inlet  angle  relative  to  rotor 

pg  Air  outlet  angle  relative  to  rotor 

p  Density 

0  Perturbation  velocity  potential 


0x 


(D  Angular  frequency  of  stall  propagation 


22 


REFERENCES 


1.  Sears,  W.R.,  "A  Theory  of  Rotating  Stall  in  Axial  Flow  Compressors", 
Cornell  University,  Jantiary  1955. 

2.  Marble,  F.E.,  "Propagation  of  Stall  in  a  Compressor  Blade  Row", 
Guggenheim  Jet  Propulsion  Centre,  California  Institute  of  Technology, 
Technical  Report  h,   January  195^ • 

3.  Stenning,  A.H.,  "Stall  Propagation  in  Axial  Compressors",  M.I.T. 
Gas  Turbine  Laboratory,  Report  28,  April  1955- 

k.     Emmons,  H.W.,  Pearson,  C.E.  and  Grant,  H.P.,  "Compressor  Surge  and 
Stall  Propagation^,  A.S.M.E.  Annual  Meeting,  Paper  No.  53-A-56, 
December  1953- 

5.  lura,  T.  and  Rannie,W.D.,  "Experimental  Investigation  of  Rotating 
Stall  in  Axial  Compressors",  Transactions  of  the  A.S.M.E.,  April  195^. 

6.  Huppert,  M.C.  and  Benser,  W. A., "Some  Stall  and  Surge  Phenomena  in 
Axial-Flow  Compressors",  Journal  of  the  Aeronautical  Sciences, 
December  1953- 

7.  Moore,  R.W.  and  Schneider,  K.H.,  "Measurement  of  Flow  Through  a 
Single -StaLge  Axial  Compressor",  M.I.T.  Gas  Turbine  Laboratory,  Re- 
port 27-6,  December  195^. 

8.  Moore,  R.W.  et  al.,  "Experimental  Techniques  for  Three -Dimensional 

Flow  Research",  M.I.T.  Gas  Turbine  Laboratory,  Report  27-8,  December  195^ 


< 

< 

Q. 
Q- 
< 


X 

o. 
< 
q: 
o 
o 
\- 
o 
I 
a. 


o 


FIG.  2-SECTIONAL    DRAWING     OF    COMPRESSOR 
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FIG   4.  VELOCITY    FLUCTUATIONS     WITH     STATOR    BLADES 
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FIG.  5    REPRESENTATIVE    STRIP   FILM   RECORDS  OF   HOT  WIRE  TRACES 

WITHOUT    STATOR    BLADES 
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FIG. 6      STATIC   PRESSURE    FLUCTUATIONS    WITH    STATOR   BLADES 
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FIG.  7    STATIC  PRESSURE    FLUCTUATIONS   WITHOUT    STATOR    BLADES 
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